Introduction
In chapter 2, chapter 3 and chapter 4, all streaming potential measurements of porous media are carried out for NaCl solution only. However, in reality most reservoir rocks are saturated or partially saturated by natural waters. Natural waters normally contain mineral substances in the dissolved state (in the form of ions, complex ions). The main cations contained in natural waters are Ca 2+ , Na + , Mg 2+ and K + (mostly monovalent and divalent cations) and the main anions are Cl − , SO 4 2− , HCO 3 − and CO 3 2− [43] . Therefore, the study of how the streaming potential coupling coefficient (SPCC) changes for different types of electrolytes is very important in geophysical applications.
In electrolytes, cations normally called counterions for the systems of reservoir rocks and electrolyte aqueous solutions influence the zeta potential most by affecting the surface charge, by changing the thickness of the electric double layer and the exact location of the shear plane [78] . The effect of counterions on the zeta potential on glass microchannels has been studied with Li + /Na The study of the zeta potential as a function of the electrolyte resistivity, pH, and ionic compositions has also been carried out by Lorne et al. [84] for crushed rocks. In this chapter, we study the dependence of types of electrolytes on the zeta potential systematically for real porous reservoir rocks which are more relevant in geophysical applications.
To do so, streaming potential measurements are carried out for 5 representative consolidated samples (Bentheim Sandstone, Berea sandstone, Estaillade limestone, Indiana Limestone and Artificial ceramic core) that are also used in chapter 4
with 11 different monovalent and divalent electrolyte aqueous solutions at the concentration of 10 −3 M. The electrolyte solutions used for the measurements are NaI, NaCl, Na 2 SO 4 , KI, KCl, KNO 3 , CsCl, MgSO 4 , MgCl 2 , CaCl 2 and CaSO 4 .
The reason for using the concentration of 10 −3 M for all electrolytes is because that concentration is a typical value normally found in water that is in contact with the hydrocarbon-bearing formation [85] . From the SPCC with knowledge of the electrical conductivity, viscosity and electrical permittivity of the fluid, the zeta potential is obtained. Afterwards, the experimental results are analyzed in combination with theoretical models.
For 1:1 electrolytes, a theoretical formula for the zeta potential that has been already described in chapter 4 is used. For 2:2 electrolytes, we develop a new model based on the same procedures mentioned in [25] [26] [27] for divalent electrolytes.
It should be noted that the models may not predict exactly absolute values of the zeta potentials especially at low electrolyte concentration as shown in chapter 4 but they can explain quantitatively the change of the zeta potential against types of electrolytes and types of rock. For a given electrolyte, the difference in the zeta potential can be explained by the difference in the surface site density and the disassociation constant for different kinds of porous rocks (mineral compositions).
For a given porous sample, the difference in the zeta potential can be explained by the difference in the binding constant of cations and in cation types of electrolytes (monovalent or divalent cations).
This chapter has four remaining sections. In the first we briefly describe theoretical models to calculate the zeta potential for both monovalent and divalent electrolytes. In the second we present the experimental measurements. The third section contains the experimental results, the comparison between the experimental and the theoretical results and the discussion. Conclusions are provided in the final section. for more details):
Theoretical background of the zeta potential
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For 2:2 electrolytes
However, no theoretical model is available for 2:2 electrolytes. Following the same procedures outlined in [25] [26] [27] (see Appendix B) we obtain a closed expression: 
For 1:2 or 2:1 electrolytes
Because the zeta potential strongly depends on the types of counterion as mentioned in section 5.1. Therefore, we use eq. (5.3) to calculate the zeta potential for 1:2 electrolytes containing monovalent counterions (cations) such as Na 2 SO 4 and eq. (5.4) for 2:1 electrolytes containing divalent counterions such as MgCl 2 or CaCl 2 .
Experiments
Streaming potential measurements have been performed on 5 consolidated samples (EST, IND01, BER502, BEN6 and DP215). The mineral compositions and microstructure parameters (porosity, solid density, permeability and formation factor) have been measured and mentioned in chapter 3 and chapter 4 (see Tables   3 .1 and 4.1).
The experimental setup for the streaming potential measurement (at room temperature -22
• C) is shown in Fig. 3 .1. The solutions used in the measurements are 11 monovalent and divalent electrolyte aqueous solutions (NaCl, KCl, NaI, Na 2 SO 4 , KNO 3 , CaSO 4 , CsCl, MgCl 2 , MgSO 4 , CaCl 2 and KI) at the concentration of 10 −3 M. All procedures of the measurement are the same as mentioned in previous chapters.
Results and discussion

Streaming potential coupling coefficient versus electrolyte types and and sample types
The way used to obtain the SPCC is the same as described in chapter 3 and chapter 4. The SPCC for different electrolytes and different rocks is shown in Table   5 .1. Based on Table 5 .1, the dependence of the SPCC on types of electrolyte for different samples is shown in NaCl or NaI is one of the best ones for experimentally studying seismoelectric effects.
Zeta potential versus electrolyte types and sample types
Viscosity, relative permittivity of electrolyte aqueous solutions and the formation factor of the samples are already known (see Tables 3 .1 and 4.1). The electrical conductivity of the fully saturated samples are deduced from the sample resistances measured by an impedance analyzer (Hioki IM3570) [65] . Therefore, the zeta potential for different electrolytes is obtained based on eq. 1.9 as reported in For a given electrolyte, the order of increasing of |ζ| for the samples goes from IND01, EST, BER502, DP215 and BEN6, respectively. This can be qualitatively explained by the difference in the surface site density, the binding constant and the disassociation constant for different kinds of porous rocks (mineral compositions).
For a given sample, the order of decreasing of |ζ| goes from NaI, NaCl, Na 2 SO 4 , KI, KCl, KNO 3 , CsCl, MgSO 4 , MgCl 2 , CaCl 2 and CaSO 4 , respectively. The results also show that (1) the zeta potential for monovalent are higher than that for divalent electrolytes, (2) the zeta potential of the rocks is mainly affected by cations of electrolytes (counterions), (3) anions have little effect on the zeta potential. The To quantitatively explain the behaviors in Fig. 5.2 and Fig. 5 .3, we use the theoretical formulas mentioned in Section 5.2 to calculate the zeta potential using the input parameters that are already available in literature. For the sample BEN6, the mineral composition is mainly silica (see (K Me (Na For the sample DP215, because its mineral composition (mostly alumina and fused silica as shown in see Table 4 .1) is not the same as that of the sample BEN6, the rock/fluid interface parameters of the sample DP215 will be different from the sample BEN6. However, based on the theoretical model mentioned in Section 5.2, it is seen that the surface site density affects the zeta potential much more than the disassociation constant and the binding constant. Therefore, we keep all input parameters the same as above for the sample BEN6 except the surface site density.
By fitting the experimental data (see Fig. 5 .5), the surface site density for sample DP215 is found to be Γ s =2.5×10 18 site/m 2 . That value is lower than that of the sample BEN6.
For the samples BER502, EST and IND01, it is hard to quantitatively explain the experimental data by the models. The reason is that the mineral composition of those samples is a mixture of several minerals. Therefore, all input parameters such as the surface site density, the disassociation constant and the binding constant or the shear plane distance are not known well enough to be applied in the models.
It should be noted that the theoretical predictions do not show the effect of anions on the zeta potential as shown Fig. 5.4 and Fig. 5 .5 (for example, the zeta potential is the same for NaCl and NaI). However, the experimental data shows that anions have a little effect on the zeta potential. Criscenti and Sverjensky [89] also show that electrolyte anions play a role in metal cation adsorption on the solid surfaces in salt solutions. Therefore, they influence the zeta potential. It suggests that the models need to be improved to take into account the effect of electrolyte anions. The dependence of the zeta potential on the binding constant for cation adsorption for 1:1 and 2:2 electrolytes is also shown in Fig. 5 .8 at the same condition (the same values for the disassociation constant, the shear plane distance, the surface site density, temperature, pH=6.7 and electrolyte concentration C f = 10 −3 M).
It shows that the zeta potential decreases with increasing binding constant as expected and the zeta potential for 1:1 electrolytes is always higher than that for 2:2 electrolytes at the same binding constant. That prediction is consistent with experimental data as shown in Fig. 5.2 and Fig. 5.3 . Therefore, the theoretical model we develop for 2:2 electrolyte can explain the experimental results well.
Conclusion
In this chapter a systematic study of the zeta potential inferred from streaming potential measurements with 5 different consolidated samples saturated by 11 monovalent and divalent electrolyte aqueous solutions (NaCl, KCl, NaI, Na 2 SO 4 , KNO 3 , CaSO 4 , CsCl, MgCl 2 , MgSO 4 , CaCl 2 and KI). The experimental results
show that the SPCC and the zeta potential strongly depend on the mineral composition and types of electrolytes (mainly types of cation). The difference in the SPCC among the samples and electrolytes can reach about 35 times. The experimental results also show that the zeta potential for monovalent electrolytes is higher than that for divalent electrolytes. The reservoir rocks made of silica have the highest zeta potentials when saturated by the same types of electrolyte.
The experimental results are explained by the theoretical models that are related to the rock/fluid interface parameters such as the surface site density, the disassociation constant, the binding constant and the shear plane distance. The comparison shows that the theoretical models can explain the main behavior of the zeta potential against types of electrolytes and types of samples. For a given electrolyte, the difference in the zeta potential can be explained by the difference in the surface site density, the disassociation constant for different kinds of porous rocks (mineral composition). For a given sample, the difference in the zeta potential can be explained by the difference in the binding constant of cations and in types of cations (monovalent or divalent cations).
